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International safety regulations such as EN 1127-1 consider ultrasound to be an ignition source.
Currently, applications of ultrasound in explosive atmospheres have to comply with a threshold value of
1 mW/mm2. However, it is unclear as to how this intensity has to be measured and, therefore, this
threshold value is poorly deﬁned. Moreover, it is based on theoretical estimations in analogy to other
ignition sources and there are no publications or signiﬁcant records on these estimations. Within a
research project at PTB, it has now been investigated experimentally in relation to worst-case consid-
erations including airborne ultrasound, focused MHz ultrasound in liquids and acoustic cavitation. On the
basis of the results of the research it is now possible to revise the current regulations and to specify
measures for safe operation of ultrasonic applications in explosive atmospheres. In this context, for ul-
trasound coupled directly to gaseous atmospheres a new threshold value of 170 dB (re. 20 mPa) can be
suggested, and for ultrasonic applications in liquids, an augmentation can be made to the threshold to
400 mW/mm2.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
According to international standards, ultrasound is considered
to be an ignition source (EN 1127-1, 2011) with a threshold value of
1 mW/mm2. This threshold value was developed on theoretical
estimations in analogy to other ignition sources in a conservative
way and, thus, includes a large safety margin. However, this
threshold value is disputable and not well accepted by operators
and manufacturers of ultrasonic equipment. This is because, on the
one hand, it is not well deﬁned from the metrological point of view.
On the other hand, neither explosion accidents nor any experi-
mental work related to ultrasound as an ignition source have ever
been reported. Therefore, it was the goal of a research project at PTB
to verify the capability of ultrasound to really ignite explosive at-
mospheres, i.e. to be incentive. Based on the theory of ultrasound
and ignition processes, worst-case scenarios were developed and
experimentally investigated. For the ﬁrst time, it could be shown
that airborne as well as liquid-borne ultrasound is really capable of
setting off explosions. However, for ignition, an acoustically
absorbing target object is needed to transform the acoustic energyLtd. This is an open access article uinto heat (Simon et al., 2014, 2015). The investigations on airborne
ultrasound and on focused ultrasound at MHz frequencies are only
brieﬂy summarized in this paper and previously published papers
are referred to. The scope of this paper encompasses the studies on
the incendivity of acoustic cavitation and safety-related conclu-
sions that can be drawn as a bottom line of the project. Therefore,
requirements for applications of ultrasound will be reassessed and
discussed.
Since at the starting point of the research project no elaborate
investigations of ultrasound as an ignition source existed, theo-
retical considerations were taken into account to develop worst-
case scenarios that could provoke ignition. This was done based
on the literature on ﬁnite amplitude or high power ultrasound and
on ignition mechanisms of different ignition sources (particularly
hot spots and optical radiation) as well as on discussions with
manufacturers of ultrasonic equipment, such as ultrasonic cleaning
baths or level meters. In further steps, these worst-case scenarios
were transformed into experimental setups. In pretests, they were
veriﬁed and sharpened before ignition tests were conducted. In this
way, the ignition tests addressed airborne ultrasound and liquid-
borne ultrasound with an explosive atmosphere above the liquid
surface. In the case of liquid-borne ultrasound, a distinction was
made between focused ultrasound at MHz frequencies and ultra-
sound at kHz frequencies that excited strong acoustic cavitation.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The ignition tests on the incendivity of airborne ultrasound are
elaborately presented in (Simon et al., 2014). Hence, in this article,
the results are only brieﬂy summarized. For experimental studies
on ultrasound as an ignition source, a suitable ultrasonic source for
maximum sound pressure levels was needed. Especially for
airborne ultrasound, technical and physical limits are set by the
high impedance discontinuity between the solid sound source and
the gaseous medium (Simon et al., 2013a, 2014; Gallego-Juarez
et al., 2010). In addition, because of the wavelength of the order
of 1 cm at frequencies typically in the kHz range, the focus area is
limited to a width of this order as well. However, in resonant ul-
trasound standing wave ﬁelds high sound pressure levels can be
attained efﬁciently. This can be achieved by a reﬂector positioned at
a distance of a multiple of one-half wavelength. As sound sources,
sonotrodes are suitable which act as sound particle velocity
transformers and are employed, e.g. in ultrasonic levitators or ul-
trasound standing wave atomizers (Lessmann, 2004; Hemsel et al.,
2005).
Ignition due to direct absorption of the sound wave is not
possible (Simon et al., 2014) because of the limited sound pressure
levels and the low acoustic absorption coefﬁcients in gases, vapors
or dusts (Bhatia, 1996; Dain and Lueptow, 2001; Ejakov, 2003; Bass
et al., 1990; Lyman, 1977; Dukhin and Goetz, 2002). The situation
changes, however, if (solid) materials with high acoustic absorption
coefﬁcients (above 5 kHz) are placed in the standing wave ﬁeld and
transform the acoustic energy into heat. In that case, the ultra-
sonically heated target could lead to ignition at its hot surface.
According to these considerations, the ultrasound generating
unit of an ultrasonic standing wave atomizer consisting of an
electromechanical transducer, a booster and a sonotrode was used
with an operating frequency of 20 kHz. The sonotrode's sound-
emitting surface faced a reﬂector of steel. The distance between
the sonotrode's surface and the reﬂector could be varied within the
range of several wavelengths and, for ignition tests, was set to one
wavelength. For temperature measurements, a thermocouple was
integrated into the target's center while the sound pressure level
was measured by a broad-band piezoelectric pressure sensor
whose active measuring surface was integrated into the reﬂector's
surface as illustrated in Fig. 1 (Simon et al., 2014). The sound
pressure level is measured in dB as the sound pressure p relative to
a reference value of p0 ¼ 20 mPa: Lp ¼ 20,log(p/p0).
The pretests showed that porous materials with open pores,
such as foams and ﬁbrous materials (mineral ﬁbers, cotton),
attained the highest temperatures within the ultrasound ﬁeld. This
is compatible with the theory on acoustic absorption in ﬁbers
(Mechel, 1989; Wang and Torng, 2001; Cuiyun et al., 2012).
Furthermore, the position of highest heating rates was attainedFig. 1. Setup for sound pressure measurement.when a resonant standing wave ﬁeld was generated and the target
was positioned in its sound pressure anti-nodes (i.e. the positions
of maximum sound pressure). This also is in accordance with
theoretical estimations (Nyborg, 1981; Simon et al., 2014).
The ignition test yielded ignitions above a sound pressure level
of 178 dB ± 2 dB. The target used (made of alkaline-earth silicate
wool) attained temperatures between 250 C and 500 C, as dusts,
sulfur (standard autoignition temperature (AIT) 250 C), maize
starch (AIT 380 C), calcium stearate (AIT 400 C), aluminum (AIT
600 C) and magnesium (AIT 590 C) were used. However, only
sulfur dust could be ignited. Moreover, as vapors, carbon disulﬁde,
diethyl ether, n-pentane and n-heptane were investigated, only in
the cases of carbon disulﬁde was an explosion observed at a sound
pressure level above 180 dB and a target temperature exceeding
400 C.
3. Incendivity of liquid-borne ultrasound
In spite of similar principles of propagation, airborne and liquid
borne ultrasound have to be considered separately in relation to
ignition mechanisms. First, in the case of liquid-borne ultrasound,
the ultrasound wave has to penetrate the liquidegas phase inter-
face in order to come into contact with an explosive atmosphere. At
this interface, however, 99% of the sound wave will be reﬂected
back into the liquid. Second, effects have to be considered that can
be neglected for ultrasound in gaseous media or that only occur in
liquids. On the one hand, because of lower absorption at MHz fre-
quencies in liquids than in gases, it is possible to sharply focus the
ultrasound to a beam width at focus of the order of 1 mm or less.
Thus, high intensities can be easily attained. In contrast to sound
waves in gaseous media, the intensity is deﬁned in relevant stan-
dards, and, consequently, is uncritical for use as a threshold value.
On the other hand, especially at kHz frequencies, acoustic cavita-
tion is excited by the ultrasound in liquids, i.e. microbubbles
oscillating in the ultrasound ﬁeld grow and, at a certain point,
vigorously collapse. At the moment of collapse extreme tempera-
tures and pressures are attained inside the bubbles, so the question
is raised as to whether they can cause ignition of an explosive at-
mosphere above the liquid surface.
3.1. Incendivity of focused ultrasound at liquid surfaces
The elaborate presentation of ignition test with focused ultra-
sound at liquid surfaces is given in (Simon et al., 2015) while in this
article the results are only brieﬂy summarized. Due to the possi-
bility of sharply focusing MHz ultrasound in liquids, intensities of
multiple W/mm2 can be attained easily when concavely shaped
transducers are used and, thus, these intensities signiﬁcantly
exceed the current threshold value of 1 mW/mm2. An example is
HIFU transducers (HIFU: high-intensity focused ultrasound) that
are employed in therapeutics for the obliteration of tumors. In this
case, the heating resulting from the acoustic absorption of the ul-
trasound by the tumor tissue is made use of.
Despite the reﬂection of the ultrasound wave at the liquid sur-
face, ignition could yet occur if the acoustic energy is transferred
into heat by a sound-absorbing solid ﬁxed at the liquid surface
adjacent to an explosive atmosphere. For this mechanism, however,
the solid material has to show speciﬁc characteristics (Simon et al.,
2015). First, its acoustic impedance has to be of the order of the
liquid, so the sound wave is transmitted into the solid. This
precondition already limits the range of suitable materials
tremendously. Metals and ceramics which can endure tempera-
tures exceeding the AIT of gases or vapors have acoustic imped-
ances that are several orders higher than those of liquids so they
can be excluded for this possible ignition mechanism. Data on the
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(Cheeke, 2012, Ensminger, 1988) or (Deutsch et al., 1997). In addi-
tion to a matching acoustic impedance, the target material must
show acoustic absorption in order to transform the acoustic energy
into heat. Otherwise, the sound wave transmitted into the target
will, again, be reﬂected at the phase interface between the target
and the adjacent explosive atmosphere and run back into the liquid.
The preconditions of the acoustic impedance and acoustic ab-
sorption are met by many plastics, for example PMMA. Further-
more it is known from experience that PMMA melts in the focus of
HIFU transducers, which implies that it meets all preconditions for
transferring acoustic energy into heat. However, its melting point is
only around 150 C and that is, therefore, too low to ignite vapor or
gas and air mixtures. Yet there are plastics speciﬁcally designed for
high temperature applications that endure temperatures of several
hundred degrees such as polyetheretherketone (PEEK) with a
melting point of approx. 350 C. Therefore, thismaterial was chosen
as a target material for ignition tests. In addition, gypsum and
graphite were considered as target materials because they also
show acoustic impedances of the order of liquids. However, they
yielded only little temperature augmentations in the focus of a
HIFU transducer (Simon et al., 2015).
Ignition tests yielded ignitions of carbon disulﬁde (AIT 95 C
(Brandes and M€oller, 2008)) and diethyl ether (AIT 175 C (Brandes
and M€oller, 2008)) at the most easily ignitable mixture concen-
tration according to (Welzel, 1996). The intensities had to exceed
Isata ¼ 528 mW/mm2 ± 8% (Isata: spatial-average temporal average
intensity (IEC 62127-1, 2007)). At the threshold of Isata ¼ 528 mW/
mm2, the time to ignition after starting insoniﬁcation was in the
range of approximately 1mine2min. At higher intensities, the time
to ignition decreased to a few seconds. The intensity was deter-
mined by setting the acoustic power measured by an acoustic ra-
diation force balance in relation to the area of the focused
ultrasonic beam. The beam width at focus was determined by a
membrane hydrophone and was deﬁned as the decay of the in-
tensity to 10% of the maximum signal (i.e. 10 dB). Below this in-
tensity the heating rate was too low to attain hot surfaces above
150 C. Thus, ignition at the hot surface can be excluded (Simon
et al., 2015, 2013b).
In addition to the requirements concerning the material prop-
erties of the insoniﬁed target, it has to be ﬁxed at the liquid surface
in order to prevent it from sinking or from being pushed out of
focus by the acoustic radiation pressure. Since the acoustic energy
is absorbed inside of the target, its geometric dimensions have to be
of the order of at least one wavelength. Otherwise, the sound wave
will pass through the target without signiﬁcant absorption and
heating. Besides, the cooling by the liquid might dominate the ul-
trasonic heating (Simon et al., 2015).
3.2. Incendivity of acoustic cavitation
3.2.1. Theoretical considerations
At kHz frequencies, the wavelength of the ultrasound is of the
order of several centimeters (7.5 cm at 20 kHz, 1.5 cm at 100 kHz).
Therefore, sharp focusing is not possible. However, at these fre-
quencies, strong acoustic cavitation can be observed. Acoustic
cavitation is the formation and oscillation of bubbles in an insoni-
ﬁed liquid (Suslick and Flannigan, 2008). It is excited in the negative
pressure phase of the ultrasound wave and can be subdivided into
vaporous cavitation, when the cavities are formed under the in-
ﬂuence of the negative sound pressurewave and, thus, contain only
vapor from the surrounding liquid or gaseous cavitation when
existing gas bubbles are excited to grow and collapse (Neppiras,
1980). Stable acoustic cavitation can be distinguished from tran-
sient cavitation. In the former case, the bubble motion is linear andthe bubbles grow in the rarefaction phase and decrease in the
compression phase. The bubbles exist for several cycles of the ul-
trasound wave. Time scales for growth and compression are long
enough to enable mass transfer and thermal diffusion can occur
(Neppiras, 1980). In contrast, transient acoustic cavitation occurs at
elevated sound pressure levels and the bubble motion becomes
highly nonlinear. The bubbles oftentimes only exist for less than
one cycle of the ultrasonic wave. After attaining diameters of the
order of 100 mm they rapidly collapse to diameters of the order of
1 mm in about 1 ms in an adiabatic way and, thus, temperatures of
several 1000 C and extreme pressures are attained (Neppiras,
1980; Suslick and Flannigan, 2008). However, these conditions
relate only to the last phase of the collapse with a duration of only
several 1 ns and are often accompanied by light emission known as
sonoluminescence (Suslick and Flannigan, 2008).
Considerations must be given to the fact that forces in the ul-
trasound ﬁeld and between oscillating bubbles cause the bubbles to
build clusters whose shape is determined by the sound pressure
ﬁeld (Mettin, 2005). Consequently, in the liquid there are clouds of
bubbles potentially ﬁlled with explosive gases and, at the moment
of bubble collapse, with multiple, extremely hot spots that are,
however, very small and exist only for several nanoseconds. So the
question is raised as to whether in these bubble clusters ignitions
could occur that might advance into an explosive atmosphere
above the liquid surface of an ultrasonic bath.
In order to investigate the incendivity of acoustic cavitation
within a worst-case scenario, parameters have to be identiﬁed that
might provoke an ignition. On the one hand, it is reasonable to excite
strong acoustic cavitation and, on the other hand, to get it as close as
possible to the liquid surface and, thus, as close as possible to an
explosive atmosphere above this surface. Otherwise, a thick layer of
liquid above a possible ignition in a cloud of cavitation bubblesmight
extinguish such an ignition before it can penetrate the explosive
atmosphere. Furthermore, bubbles ﬁlled with an easily ignitable
explosive gas mixture must be generated in the liquid.
In (Apfel, 1981) the requirements for the excitation of acoustic
cavitation are described. The maximum temperature inside the
collapsing bubbles depends on the gas inside the bubble and on the
ratio of heat capacities g ¼ cp/cV. Therefore, argon yields maximum
temperatures (Flint and Suslick, 1989). Following (Suslick, 1988),
acoustic cavitation is inﬂuenced by the frequency of the ultrasonic
wave, the sound pressure amplitude, the temperature of the liquid,
the amount of gas dissolved in the liquid as well as contaminants or
particles suspended in the liquid. At low frequencies, the diameter
of the cavitation bubbles increases while the amount of bubbles
decreases. Increasing temperatures and sound pressure amplitudes
yield larger bubbles. The number of bubbles increases with the
amount of gas dissolved and of suspended particles in the liquid.
According to 22, the most dense clusters of cavitation bubbles can
be observed in front of high power sonotrodes. The investigations
of (Nowak et al., 2009) imply that highest collapse speeds and,
hence, temperatures are attained in large bubbles.
From the above follows that the worst-case scenario consists of
a high-power sonotrode with an operating frequency of 20 kHz
(lower barrier frequency of ultrasound) whose sound-emitting
surface faces the liquid surface adjacent to an easily ignitable
explosive atmosphere. The explosive gas mixture is injected into
the ultrasonic ﬁeld so, on the one hand, seeds for the generation of
cavitation bubbles are supplied and, on the other hand, larger
bubbles of several millimeters in diameter come into direct contact
with the hot collapsing bubbles. At the same time, the continuous
injection of explosive mixture into the liquid sustains the explosive
atmosphere at the liquid surface. This worst-case situation is
shown in Fig. 2 where a cannula is used to inject the explosive gas
mixture.
Fig. 3. Worst-case situation for the investigation of the incendivity of acoustic
cavitation.
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The experimental investigations of the incendivity of acoustic
cavitation were divided into two steps. In the ﬁrst step, the worst-
case situation described in Section 3.2.1 was transferred into an
experimental setup and pretests were conducted to specify the
conditions that might provoke an ignition. In the second step,
ignition tests were conducted. The experimental setup is shown in
Fig. 3. In the center of the setup a 20 kHz sonotrode (Telsonic AG,
Sonoprozessor DG 2000) with a maximum power of 2000 W faces
the liquid surface. The explosive atmosphere at the liquid surface
was premixed in a gas mixture preparation in order to precisely set
the mixture concentration. To check this concentration, a para-
magnetic oxygen analyzer (Siemens Oxymat 6F) was used. From
the concentration of oxygen in the vessel the concentration of
combustibles could be determined. For the injection of explosive
gas mixtures into the cavitation ﬁeld in front of the sound-emitting
surface, a cannula or, alternatively, a frit was used whose positions
could be manually adjusted. At the top of the vessel a bursting foil
served as a vent in case of possible ignition. As a liquid, water was
used. This was done following the investigations of (Sychev and
Pinaev, 1986), who investigated detonation waves in liquid-
bubble systems and also used water as a liquid. The two phase
system can be regarded as a medium with discretely distributed
sources of energy. The crucial factor for ignition is the content of the
bubbles rather than the liquid carrying these bubbles. Therefore,
results are expected to be the similar if ﬂammable liquids where
used. The advantage of using water is that the sound pressure level
could be easily measured by a hydrophone (Reson, type TC4013-1).
If different liquids were used, the hydrophone had to be calibrated
for each liquid. Also, it is to be avoided that especially aggressive
solvents harm the hydrophone.
To monitor the inside of the vessel, a high speed camera and,
alternatively, a reﬂex camera as well as a thermographic camera
were used. The thermographic camera was focused on the bubbles
ascending to the liquid surface to detect hot bubbles which would
indicate bubble ignition below the liquid surface. Furthermore, the
temperature of the liquid and of the explosive atmosphere above
the surface were measured by two thermocouples.
Within the pretests, the level of liquid above the sound-emitting
sonotrode was varied. The explosive mixture was injected by a frit
with a pore size of 200 mm to “seed” a large amount of bubbles ﬁlled
with explosive mixture into the sound ﬁeld. The frit was then
exchanged for a cannula to inject explosive bubbles directly intoFig. 2. Worst-case situation for the investigation of the incendivity of acoustic
cavitation.spots of strong cavitation. The position of the frit and the cannula
was manually adjusted to achieve good interaction between the
injected bubbles and the cavitation bubbles. With respect to the
ultrasound signal, the power was varied and the operation mode
changed between continuous wave and pulsedmodewith different
pulse lengths.
In accordance with the results of the pretests ignition tests were
conducted. The explosive atmosphere and themixture injected into
the liquid were premixed by the gas mixture preparation. As
explosive atmospheres, carbon disulﬁde (2%e7%) and air, diethyl
ether (12%) and air, and hydrogen (24%) and air were used. The
vessel was ﬂushed with the explosive mixture until the desired
concentration was reached. By a junction in the supply it was then
switched into the injection device to aerate the water with the
explosive mixture. To sharpen the worst-case conditions further,
ignition tests with hydrogen-air as an explosive atmosphere were
conducted while injecting the hydrogeneoxygen mixture (in the
ratio 2:1) into the liquid. For injection, the cannula as well as the frit
were used.
The sonotrode and the excited cavitation heated the water.
Therefore, a cryostat was used during ignition tests with diethyl
ether to keep the water temperature constant. However, the tests
with carbon disulﬁde and, in part, the tests with hydrogeneoxygen,
were carried out without the cryostat to ﬁnd out whether the
temperature rise promoted ignition. In general, though, it is
assumed that ignition would be triggered within the ﬁrst minutes
of insoniﬁcation because of the large number of cavitation events
per second. For this reason, most of the ignition tests with
hydrogen-air and hydrogeneoxygenwere conducted only for a few
minutes.
3.2.3. Results
The results of the hydrophone measurements in front of the
sonotrode are shown in Fig. 4. This measurement gives an idea of
the magnitude of the sound pressure level; however, the incident
sound wave from the sonotrode interferes with the reﬂected wave
from the liquid surface. Besides, each imploding cavitation bubble
also sends out its own sound wave. To reduce the inﬂuence of the
reﬂection from the liquid surface, the measurement was done at a
water level of 75 mm over the sound-emitting surface, whereas
Fig. 4. Results of the hydrophone measurements in front of the sonotrode.
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The measurement shows that the maximum sound pressures are
attained in the region from the top of the sonotrode to 35 mm. At
larger distances, the sound pressure rapidly decreases.
In Fig. 5 the inﬂuence of the water level on the formation of the
acoustic cavitation ﬁeld is shown. At low water levels, the acoustic
radiation pressure yields a bulge forming on the liquid surface and
droplets are sprayed into the gas phase. The higher the water level,
the calmer the liquid surface and the more distinct the ﬁeld of
cavitation bubbles is. Picture 4a) of the sequence in Fig. 5 depicts
how the cavitation bubbles move in the shape of an arch andmerge
in its peak.
The impact of the cavitation on the injected bubbles is illus-
trated in the sequence of Fig. 6. While the ultrasound was turned
off, the injected bubbles showed a diameter of about 1 mm. After
turning on the ultrasound, a cloud of small cavitation bubbles rose
and atomized the injected bubbles into smaller ones. This reduces
the chances for ignition as the investigations of (Mitropetros, 2005)
on bubble-liquid systems show.
The sequence in Fig. 7 shows the interaction of acoustic cavi-
tation with the bubbles injected by the cannula. The injected
bubbles had diameters of about 2 mme3 mm. Moreover, it can be
seen how the cavitation bubbles merge directly beneath the liquidFig. 5. Inﬂuence of the height of the water level over the sonotrode. Water levelssurface and how the acoustic radiation pressure displaces the
stream of injected bubbles to the liquid surface. Therefore, for most
ignition tests, the explosive mixture was injected into or just below
the merging point of the cavitation bubbles because it is assumed
that this is the point of strongest cavitation activity. In addition,
only a thin layer (about 5 mm) of water separated this point from
the explosive atmosphere at the liquid surface.
The employed power sonotrode can operate at a maximum
electric input power of 2000 W. However, because of the imped-
ance discontinuity between the sonotrode and the liquid-bubble
mixture only input powers of 650 W could be used. Higher po-
wer levels can only be coupled into the water if the vessel is set
under a static pressure such that this parameter is maximized.
Ignition tests were conducted in the continuous wave operation
mode of the sonotrode aswell as in the pulsedmode. It showed that
pulse lengths of 1 se2 s were appropriate, since at shorter pulse
length only weak and unstable cavitation ﬁelds were formed.
None of the ignition tests resulted in ignition of the explosive
atmosphere above the liquid surface. Furthermore, there was no
evidence that ignition occurred beneath this surface that was
extinguished by the water layer before it could penetrate the at-
mosphere. However, during ignition tests with carbon disulﬁde the
water grew yellow and cloudy and small yellow (in the web
version) particles could be observed. This shows, beyond the
sequence in Fig. 6, that the cavitation bubbles interact with the
injected bubbles.4. Discussion of results of acoustic cavitation
Despite the extreme conditions inside the collapsing cavitation
bubbles, they are not incendive with respect to explosive atmo-
spheres. The experiments modeled worst-case situations bringing
strong cavitation clusters into direct contact with explosive atmo-
spheres of the most critical gases and vapors at their most easily
ignitable concentrations. The cavitation activity was maximized by
ﬁrst using the maximum power that could be coupled into the
liquid, by using a frequency of 20 kHz which produces the most
violent cavitation (cf. Section 3.2.1) and, second, by continuously
feeding gas-air and vapor-air bubbles respectively, into the liquid.
The high speed recordings ensure that the cavitation bubbles really
interact with the injected bubbles ﬁlled with explosive mixture.
However, this interaction led to an atomization of these bubbles
rather than to ignition that could propagate into the explosive at-
mosphere above the liquid surface. The interaction between cavi-
tation and injected bubbles is, again, underlined by the fact that
during the test with carbon disulﬁde sulfur particles were pro-
duced. This shows that chemical reactions were excited inside the1) and 1a): 0 mm, 2) and 2a): 7 mm, 3) and 3a): 23 mm, 4) and 4a): 33 mm.
Fig. 6. Impact of the acoustic cavitation on the injected bubble: 1) Ultrasound turned off 2) t ¼ 0: Ultrasound turned on 3) t ¼ 0.035 s: Excitation of cavitation bubbles 4) t ¼ 0.08 s
and 5) t ¼ 0.134 s: Destruction of injected bubbles under the impact of cavitation bubbles.
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not result in ignition. Finally, the fact that not explosion occurred
even in the ignition test with hydrogeneoxygen shows that
acoustic cavitation cannot ignite a hydrogeneair mixture evenwith
a larger number of ignition tests. Also, it ensures that this mecha-
nism is not incendive even if the setup used has not modeled the
worst-case situation 100%.
The results are supported by the investigations of (Nguyen and
Jacqmin, 2005) concerning the so-called “cavitation bubble com-
bustion” which has been observed in hydraulic systems (Lohrentz,
1968). In the research conducted by (Nguyen and Jacqmin, 2005)
two phase systems of methanol-air and water-methane were
investigated under the inﬂuence of strong cavitation. In a similar
way, it was concluded that chemical reactions are excited by the
acoustic cavitation, however, explosions could not be observed.
The ineffectiveness of acoustic cavitation to cause ignition of
explosive atmospheres can be attributed to various effects. First, the
extreme temperatures and pressures inside the cavitation bubbles
are attained only in the last phase of their collapse (Suslick and
Flannigan, 2008). In this phase, their diameter is of the order of
1 mm or even less and this phase lasts only for a few nanoseconds
(Suslick and Flannigan, 2008). Because of the compressed “gas
cushion”, the bubble immediately rebounds again. Warnatz, (1993)
determined ignition delay times of the order of 10 ms for
hydrocarbon-air mixtures at temperatures of 2000 K. This is at least
two orders of magnitude longer than the critical phase during the
bubble collapse. Together with the surrounding liquid, the rebound
of the bubble leads to cooling rates of up to 1012 K/s (Suslick and
Flannigan, 2008). This implies that the cavitation bubbles, on the
one hand, cannot ignite themselves as the phase of the collapse is
too short and, on the other hand, they are too small to ignite the
injected bubbles.5. Safety-related requirements
In the previous section's theoretical considerations, experi-
mental investigations and results of ignition tests concerning the
incendivity of ultrasound were presented. Based on these ﬁnd-
ings, the ignition source ultrasound can be much more precisely
described and the threshold value for the application of ultra-
sound in explosive atmospheres can be signiﬁcantly augmented.Fig. 7. Injection of explosive mixture by the cannula into the merging point of the cavitation
Ultrasound is turned on, acoustic cavitation is excited. The injected bubbles are displaced b
merging point beneath the liquid surface. The bubbles with explosive mixture are injectedIn contrast to the current threshold value of 1 mW/mm2 that is
valid for all applications of ultrasound (EN 1127-1, 2011), it follows
from the theoretical considerations in Section 2 and Section 3.1
that a distinction should be made between airborne and liquid-
borne ultrasound. While in the latter case the acoustic intensity
is well deﬁned in speciﬁc standards (cf. Section 3.1), in the former
case it is more appropriate to measure the sound pressure level
(cf. Section 2). For this reason, in the following, requirements for
the safe application of ultrasound in explosive atmospheres are
presented which are subdivided into general requirements as well
as requirements speciﬁcally developed for airborne and liquid-
borne ultrasound. For each of the three cases the requirements
are ﬁrst presented and subsequently explained. The enumeration
of requirements, however, is maintained throughout the three
parts.5.1. General requirements
5.1.1. Presentation of the requirements
1. Up to a frequency of 10 MHz, ultrasound can only indirectly
ignite explosive atmospheres via absorption of the ultrasound
wave by a sound-absorbing solid. Direct ignition via absorption
of the acoustic energy by the explosive atmosphere is not
possible at these frequencies.
Ultrasound of frequencies above 10 MHz was not considered in
the research conducted. Hence, the limitations according to
currently valid regulations (e. g. EN 1127-1, 2011) have to be
maintained.
2. Sound-absorbing materials which can easily catch ﬁre (such as
cotton i.e. at kHz frequencies) should always be avoided in
strong ultrasound ﬁelds, independent of the kind of explosive
atmosphere, because the burning absorber could ignite an
explosive atmosphere.5.1.2. Discussion of the requirements
In item 1, the area of validity for the following requirements is
deﬁned. As lower limiting frequency 20 kHz is regarded inbubbles close to the liquid surface. 1) Ultrasound is turned off, bubbles are injected. 2)
y the acoustic radiation force. 3) and 4) Cavitation bubbles show a stable ﬁgure with a
into this merging point.
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fects such as molecular resonance might become prominent, which
have not been considered in the present studies. Consequently, it is
only possible to make general statements concerning frequencies
in the frequency range from 20 kHz to 10 MHz. In this range,
ignition is only possible by generation of hot surfaces on solids in
the ultrasound ﬁeld, which show high acoustic absorption at kHz
frequencies and above.
Item 2 refers to the case of a sound-absorbing solid catching ﬁre
as a result of the ultrasound-induced heating. Consequently, the
open ﬂame could ignite the explosive atmosphere. Critical mate-
rials are cotton wool or wadding, in particular.
5.2. Requirements for airborne ultrasound
5.2.1. Presentation of the requirements
3. Ultrasound cannot effectively ignite explosive atmospheres of
dusts if the sound pressure level in the whole sound ﬁeld is
below 170 dB (re. 20 mPa). This is due to the fact that even in
solids with 100% sound absorptivities (at 5 kHz), no critical
heating is attained.
This threshold comprises a safety margin of 6 dB and takes into
account a measurement uncertainty of 2 dB (k ¼ 1).
4. In applications that do not comply with this threshold, ﬁxed
sound-absorbing bodies must be barred from insoniﬁcation
periods longer than 1 s.
5. The threshold of 170 dB (re. 20 mPa) is also applicable to
explosive atmospheres of gases and vapors because critical
temperatures for these atmospheres are not reached below this
threshold.5.2.2. Discussion of the requirements
Beyond the general requirements for all ultrasound ﬁelds, item 3
through item 5 refer to applications where the ultrasound is
coupled directly into the explosive atmosphere. In contrast to the
current threshold value of 1 mW/mm2, item 3 proposes a sound
pressure level instead of an intensity for airborne ultrasound. In
gaseous mediums the intensity is not well deﬁned. The sound
pressure level can be easily measured by a calibrated dynamic
broadband pressure sensor, whereas the sound intensity I has to be
calculated as the product of the effective values of sound pressure
peff and particle velocity veff, I¼ peff,veff. Moreover, in general, sound
pressure and particle velocity are out of phase and, thus, the phase
angle has to be determined. In addition, in a standing wave ﬁeld
this phase angle is zero, which means that the intensity disappears
even though the research showed that this really is themost critical
case (Simon et al., 2014).
If the sound pressure level does not exceed 170 dB throughout
the whole sound ﬁeld, ignition is not possible. In this case, as the
experiments conducted showed, even materials speciﬁcally
designed to absorb soundwaves at 5 kHz or even higher do not heat
up to temperatures above 200 C, which would be critical for
ignition. However, it has to be ensured that the sound pressure
level is below this value in every spot of the sound ﬁeld. Critical
spots are particularly sound pressure anti-nodes of standing wave
ﬁelds, the focus of a concavely shaped stepped sonotrode (Gallego-
Juarez et al., 2010), or the near ﬁeld of a transducer (Cheeke, 2012).
These three critical situations are illustrated in Fig. 8a) through c).
Accordingly, the sound pressure should be measured at the surface
of a reﬂector at a distance of one wavelength from the sound-
emitting source (Fig. 8a)), at the near ﬁeld border (Fig. 8b)), or incase of a concavely shaped transducer, in the focal area (Fig. 8c)).
The near ﬁeld border is the distanceN ¼ D2  l2=4lzD2=4l, where
D is the active diameter of the transducer and l the wavelength in
the gaseous medium.
Item 4 relates to the situationwhere the sound pressure exceeds
the threshold value at some point of the sound ﬁeld. Then, it has to
be ensured that no highly sound-absorbing bodies that are ﬁxed in
the sound ﬁeld are exposed to these sound pressure levels which
might yield hot spots capable of igniting the explosive atmosphere.
Especially critical are porous materials with open pores (e.g. foams)
or ﬁbrous materials (e.g. mineral wools), because they show high
absorptivity at a frequency of 5 kHz and above.
Item 5 addresses the threshold in relation to explosive atmo-
spheres of gases and vapors. During ignition tests with such at-
mospheres only carbon disulﬁde yielded ignition. Despite its lower
AIT (95 C (Brandes and M€oller, 2008)) compared to the sulfur dust
used (AIT 250 C), ignition only occurred at sound pressure levels
(>180 dB re. 20 mPa) and also at temperatures (>400 C) higher than
for sulfur dust. Therefore, the recommended threshold of 170 dB
(re. 20 mPa) is valid for dusts as well as for vapors and gases.5.3. Requirements for liquid-borne ultrasound
5.3.1. Presentation of the requirements
6. Ultrasound cannot ignite explosive atmospheres above a liquid
surface if the acoustic intensity at the liquid surface does not
exceed 400 mW/mm2, because no critical temperatures can be
induced in sound-absorbing solids that penetrate the liquid
surface. This threshold comprises a safety margin of 20% in
relation to the experimentally determined ignition limit for
diethyl ether and takes into account a measurement uncertainty
of 8% (k ¼ 1). The threshold value is representative of all gases
and vapors, including carbon disulﬁde.
7. Compliance with the threshold can be conﬁrmed for application
in practice in the following way.
a. For single ultrasound sources- with an active sound-emitting diameter greater than or
equal to the sound wavelength in the liquid, the output
power of the source set in relation to the square of the
wavelength in the liquid must not exceed the threshold
value (Fig. 9, Case 1). It is sufﬁcient if this condition is in
compliance with the electric input power of the source.
- with a diameter less than the ultrasound wavelength in the
liquid the acoustic output power set in relation to the
sound-emitting surface of this source must not exceed the
threshold (Fig. 9, Case 2).
b. For applications consisting of multiple transducers.
- where additive overlaying of the sound ﬁeld maxima of the
individual sources in the far ﬁeld is possible, the sum of the
intensities estimated according to a. may also not exceed
the threshold (Fig. 10, Case 3).
- where the sound ﬁeld maxima of the individual sources in
the far ﬁeld cannot additively overlay (Fig. 11, Case 4), it is
sufﬁcient to evaluate each of the sources separately ac-
cording to a.
c. If the intensities estimated according to a. and b. exceed the
threshold value, compliance with the threshold can, alter-
natively, be veriﬁed by determination of the sound pressure
maxima via hydrophone measurements at the level of the
liquid surface in the application: The intensity I calculated
from the sound pressure p, I ¼ p(t)2/(r,c), where r is the
density and c the sound velocity of the liquid, must not
exceed the threshold (cf. (IEC 62127-1, 2007)). The
Fig. 8. Critical spots to determine the sound pressure level in the case where a) a standing wave ﬁeld, b) an unfocused propagating wave, and c) focused ultrasound could be
generated.
Fig. 9. Distinction of cases according to the geometric dimensions of the sound-emitting source in relation to the ultrasound wavelength.
Fig. 10. Case 3: Additive overlay of the sound ﬁeld maxima in the far ﬁeld.
Fig. 11. Case 4: No interference of the sound ﬁeld maxima in the far ﬁeld.
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be calibrated and traced to reference standards.
In the case of spatially severely limited sound beams which can
occur in the frequency range above 500 kHz, the threshold may be
calculated as the intensity Isata (spatial-average temporal-average
intensity, cf. (IEC 62127-1, 2007)) averaged over the beam's cross
section (12 dB beam width). Instead of the determination of Isata
averaged over the sound pressure proﬁle, the acoustic output po-
wer can be measured (cf. (IEC 61161-3, 2013)) which must be
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8. In the case where the threshold value is exceeded, ignition has
to be excluded by different means. Such means can be:
- exclusion of acoustically absorbing bodies that penetrate the
liquid surface and have an acoustic impedance similar to
liquid,
- exclusion of acoustically absorbing bodies that are spatially
ﬁxed and penetrate the liquid surface,
- limitation of the insoniﬁcation time of acoustically absorbing
bodies that penetrate the liquid surface.5.3.2. Discussion of the requirements
The requirements of item 6 through item 8 address applications
where ultrasound is coupled to a liquid that is in contact with an
explosive atmosphere. In item 6, a threshold value of 400mW/mm2
is proposed for such applications. This means an augmentation of
the current threshold by a factor of 400, while a safety margin of
20% is taken into account. This is because no research has been
done to optimize the target material. However, this safety margin is
regarded as sufﬁcient, since multiple conditions have to be met
simultaneously for ignition:
 First, the intensity of the incident sound wave must exceed the
threshold mentioned above.
 Second, an acoustically absorbing solid must be ﬁxed at the
liquid surface which has an acoustic impedance that matches
the impedance of the liquid and has a high absorption coefﬁ-
cient. Also, its geometric dimensions in the direction of propa-
gation of the sound wave must be large enough for absorption
(i.e. several millimeters at least). In addition, it must be tem-
perature resistant in order to attain temperatures exceeding the
AIT of gases and vapors. As target materials, contaminants
ﬂoating to the surface or components in a cleaning bath have to
be considered that match the characteristics mentioned above.
Critical materials are, in particular, viscoelastic materials such as
plastics or bitumen (Simon et al., 2015).
 With respect to the explosive atmosphere at the liquid surface
the most easily ignitable mixtures of diethyl ether and carbon
disulﬁde were used during ignition tests. At the position of a
target in real-life applications, the mixture concentration will
signiﬁcantly differ from the most easily ignitable concentration
in most of the cases.
Item 7 describes possible ways to verify that a given application
complies with the threshold value. In item 7 a. two marginal cases
are distinguished. This is, on the one hand, a focusing transducer
and, on the other hand, a point-like sound source (Fig. 9). In the ﬁrst
case, it is necessary for sharp focusing that the diameter D of the
transducer be larger than or at least equal to thewavelength l of the
ultrasound. Furthermore, it is assumed that the ability to focus the
sound beam is limited to the order of the wavelength. Therefore,
the focal area can be estimated to be AFocus ¼ l2 and, in turn, the
intensity can be appraised by P/l2, where P is the acoustic output
power of the transducer. This, however, is an overestimation on the
safe side, i.e. the intensity is in reality lower.
The second case in Fig. 9 refers to a point-like sound source
which has a diameter that is less than the wavelength: D < l.
Accordingly, the sound ﬁeld diverges and the maximum intensity is
attained directly in front of the sound-emitting surface. Thus, it is
sufﬁcient to set the acoustic output power in relation to the active
sound emitting surface P/Aeff. In both cases, the electrical input
power can be used to estimate the intensity if the acoustic output
power is unknown.If the sound ﬁeld is generated bymore than just one source, item
7 b. is applicable (cf. case 3 in Fig. 11 and case 4 in Fig. 11). In this
case, it is necessary to check whether the interfering sound ﬁelds
can superpose additively and consequently exceed the threshold
value, even though the intensities of each source are below this
limit. If the arrangement of the sources leads to an interference of
the sound ﬁeld maxima in the far ﬁeld (cf. Fig. 11), in the ﬁrst step,
the intensity of each sound source can be estimated separately
according to item 7 a. In the second step, these intensities have to
be added and the sum must not exceed the threshold value. In
contrast, if such interference can be excluded, it is sufﬁcient to only
evaluate each ultrasound transducer separately according to item 7
a.
If all of the appraised intensities are below the threshold, the
compound system is regarded as being safe as well. If the estimated
intensity according to item 7 a. and item 7 b. exceeds the threshold,
item 7 c. states that it is possible to conduct hydrophone mea-
surements in order to show that the intensity to be considered is in
compliance with the limit. During these hydrophone measure-
ments, however, it has to be considered that the measurement
directly beneath the liquid surface is inﬂuenced by the reﬂection
from the liquid-gaseous phase interface even though only the
incident sound wave directly from the source is relevant. Accord-
ingly, it is possible to determine the sound pressure at the level of
the liquid surface in the application and to suppress the inﬂuence of
the reﬂection during the hydrophone measurements, e.g. by a
higher liquid level. Alternatively to measuring the intensity aver-
aged over the sound pressure proﬁle, a combination of an output
measurement by an acoustic radiation force balance in combination
with a hydrophone measurement of the beam width is possible.
Themeasurements of the intensities in the present research project
were performed in this way (Simon et al., 2015). The advantage is
that the width of the beam can be measured at low output powers,
while high powers could harm the hydrophone because of cavita-
tion. In contrast, the acoustic radiation force balance is less sensi-
tive to acoustic cavitation.
Item 8 allows the threshold value to be exceeded in cases where
different measures are taken to prevent ignition by ultrasound.
Since ignition is only possible by absorption of the ultrasound wave
and heating of an ultrasound absorbing target ﬁxed at the liquid
surface it is, consequently, permitted to exceed the threshold value
if such targets themselves or insoniﬁcation times longer than 1 s
can be excluded.
6. Conclusions
The present contribution gives an overview on the studies
concerning the incendivity of ultrasound and the safety-relevant
conclusions that can be drawn. The research shows that, on the
one hand, ultrasound is incendive toward explosive atmospheres of
dusts vapors and gases irrespective whether the ultrasound is
coupled into a liquid or a gaseous medium. However, in both cases,
the ultrasound has to be absorbed by a target material of speciﬁc
characteristics which result in the heating of the target that could
lead to an ignition at its hot surface. The theoretical considerations
and experimental results that these ﬁndings are based on, were
summarized. In addition, acoustic cavitation is regarded and the
most signiﬁcant theoretical considerations and experimental in-
vestigations comprising ignition tests based on worst-case condi-
tions are presented. It follows that acoustic cavitation cannot
trigger ignition because the collapsing cavitation bubbles are too
small and the critical phase of the collapse is too short.
The results from ignition tests with airborne ultrasound in dusts
and vapors and with liquid-borne ultrasound in gases and vapors
show, however, that the currently valid threshold value ﬁxed in
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hand, the intensity is not explicitly deﬁned for ultrasound in
gaseous media and, thus, it is more suitable to limit the sound
pressure level which can be directly measured. On the other hand,
the current threshold is too low and can be signiﬁcantly augmented
while keeping the same level of safety.
Thus, based on the research conducted in relation to worst-case
considerations and ignition tests, new safety-relevant re-
quirements for applications of ultrasound in explosive atmospheres
could be developed which are meant as a recommendation for a
reassessment of this ignition source for the relevant standards and
regulations. These requirements comprise a threshold value of
170 dB (re. 20 mPa) for applications of airborne ultrasound and
400 mW/mm2 for ultrasound in liquids. On the bottom line, all
currently known applications of ultrasound are safe or can be
designed to be safe by simple measures. Furthermore, the recom-
mended reassessment of requirements could open up innovative
applications of ultrasound.
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